This paper addresses the modeling and control of epitaxial growth of 111-V semiconductor material by Molecular Beam Epitaxy. To reliably achieve the required features, processing must use fundamental understanding of the atom-by-atom assembly of these structures and careful feedback design. One problem is to develop a model relating morphology, sensor variables, and control variables. Another is to design robust feedback for achieving a desired surface morphology. A novel new model is developed and presented here as well as modifications to a previously published model. Feedback design using both models is conducted; simulation results are shown.
Introduction
The quality of quantum heterostructure devices depends crucially on the ability to control interface morphology during growth. In layer-by-layer growth mode, oscillations in the specular intensity of the reflection high energy electron diffraction (RHEED) pattern are often observed and have been correlated to the instantaneous density of steps on the surface [l, 21. This allows for the possibility of in situ monitoring and control of surface morphology during growth. The basic processes in layer-by-layer epitaxial growth are deposition and diffusion on the surface followed by the subsequent nucleation, growth, and coalescence of islands.
The control problem here is to grow a specified number of layers while meeting a specified "roughness" criteria expressed in terms of RHEED. Figure 1 shows the MBE chamber at the HRL Laboratories which is the experimental facility for this research. 
Epitaxial Growth Models
Existing models for epitaxial growth are of three types.
Atomistic kinetic models [3] describe growth
through rates for various atomistic process such as diffusion of adatoms and attachment of atoms to and from steps or islands. Kinetic Monte Carlo (KMC) methods are then used to translate these rates into realistic simulations of growth.
Continuum models, including the Villain equation
[4] and island dynamics models [6, 51, describe growth by a set of PDEs for various field quantities, such as adatom density p ( t , z) , e.g., where t is time, 2 the planar spatial coordinate, F ( t , z) is the impinging flux, D the diffusion coefficient, and N is the number of nucleated islands. Typically, p ( t , x ) = 0 at the island boundaries and tracking the boundaries can be accomplished using the level set method, [6].
3.
Bulk models describe growth through a set of scalar quantities, which are averages over the spatial domain. At present, the primary examples of a bulk model are rate equations [7] , since they describe the growth through the number density n h for islands of size k. They can describe the features of precoalescent growth of a single layer and provide qualitative information and understanding, such as scaling properties of the growth. In the MBE reactor, it is not possible to rapidly change the diffusion D over the time period of typical 5-10 monolayer growth because of the slow thermal dynamics of the substrate. Hence, substrate temperature is useful as a "run-to-run" control variable. Flux, can be rapidly changed by adjusting the effusion cell cracker valves or shutters, and more slowly changed by controlling the cell temperature. Hence, the growth variable R = D / F is the effective control variable through flux. As seen in figure 2, a change in flux will effect the deposition time to achieve a desired coverage, i.e., decreasing flux increases the deposition time to reach a coverage goal and increases D I F , thereby lowering the step edge density.
If the flux, F , and diffusion, D , are constant, then for integer layers n = 1,2,. . . such that e(t,
and many simulation runs show that the average step edge density over one layer depends only on R, that is,
In addition, at the n-th layer,
In figure 3 , the upper plot shows how q(tn) varies with n and R. For this model we report on using only the flux, F ( t ) , as the control. However, the flux depends on the effusion cell thermal and valve dynamics. A linear approximation is given by the following:
Effusion cell model
where T is the "cool-down" time constant ( x 40 sec), and Fc(t) is the heater actuation. The uncertainties in this system are:
initial flux: F(0) is unknown because before a run begins the cell is shuttered closed, and the surface temperature builds up diffusion: D depends on wafer surface temperature, which is controlled, but can vary.
A detailed discussion of effusion cell modeling and control is given in 181. 4 Layer-to-Layer Control
Controlling the growth from layer to layer gives rise to a discrete-time controller. The strategy is to hold the flux heater command, Fc(t), constant over each layer. Thus, Using measurements of step edge density, q(t), we compute estimates of the time to complete a layer, tn, the average flux, Fn, and the growth variable, Rn as follows:
growth variable estimates (via q ( t ) )
The parameter 6 sets the estimation error.
A control can be designed to regulate either the flux, F , or the growth variable, R. Consider, for example:
layer-to-layer control algorithm
(8) The parameter -yn sets the closed-loop bandwidth.
Simulations of the R-control under perturbations in initial flux and diffusion are shown in figure 9. The controlled system is able to almost recover performance to the ideal (unperturbed) growth. F-control was not effective in this case.
A Mass Transport Model
We now present a bulk model called the Mass Transport Model (MTM) and show some control results for this model. We modified a model presented in I n=O Figure 4 shows a simulation of the MTM with the linear mass transport function, constant inputs J = l , T = 1 (in normalized units) and mass transport coefficient IC0 = 100. Each subsequent curve in the top plot is the coverage of a new layer. The growth is "near perfect" in that at any time there there is one layer which dominates the growth activity. The output clearly displays oscillations characteristic of a RHEED sensor pattern. Note that the output of the MTM does not exhibit the decay envelope as seen with an actual RHEED system. See Section 6 for a model that display some oscillation decay. The MTM does exhibit one important characteristic of MBE growth, and that is "recovery". Figure  5 shows a simulation where the incident flux was shut off half way through the run. Because the MTM has diffusion terms in its dynamics, the surface smoothes and the output signal indicates that the surface has "recovered".
Tracking of a desired trajectory is easily achieved with state feedback. The control law used was u(t> = K(xcies(t> -x(t>> where x d e s ( t ) is the desired state trajectory, and the feedback gains, K , is a 2 x n matrix of all ones. Figure   6 shows the states and output for the MTM when the initial condition was perturbed to 61 = 0.5. Close tracking was achieved after approximately three seconds.
A Distributed Mass Transport Model
In [9] , Cohen et. al. presented a model that takes into account the lateral structure in a plane. The adatoms are distributed among the layers according to the number of reactive sites available. The model, is formulated as follows. Of the J (6, -&+I) atoms arriving on top of the nth layer, a fraction, a, transfer to the nth and the remaining fraction, 1 -an remain on top of the nth and contribute to growth of the n + 1 layer coverage, Bn+l.
This model does not exhibit recovery because there are no terms in its dynamic equations that allow diffusion to occur.
We modified the Cohen model in the following way. We added diffusion terms similar to the ones in the MTM. The differential equations describing the growth for each layer are
The distribution of incoming adatoms according to the number of reactive sites (step sites) is given by where A is a constant, dn (6,) There is no decay on the lower envelope as is observed in actual RHEED data. Figure 8 shows successful tracking results using the same control law as the one in Section 5.
Concluding Remarks
Measuring "conserved" growth properties leads to natural control. Simulations show D/F (R)-control more effective than flux (F)-control. The crude estimate of layer growth time produced some poor estimates of growth values. This can be improved. With the MTM, RHEED tracking can be achieved. Ultimately it is desirable to directly control device properties, but this needs a structures-property model.
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